Signal transducers and activators of transcription 3 (Stat3) Mechanotransduction Osteocyte ROS ATP Bone formation A B S T R A C T Signal transducer and activator of transcription 3 (Stat3) is a member of the Stat family of proteins involved in signaling in many different cell types, including osteocytes. Osteocytes are considered major mechanosensing cells in bone due to their intricate dendritic networks able to sense changes in physical force and to orchestrate the response of osteoclasts and osteoblasts. We examined the role of Stat3 in osteocytes by generating mice lacking Stat3 in these cells using the Dmp-1(8kb)-Cre promoter (Stat3cKO mice). Compared to age-matched littermate controls, Stat3cKO mice of either sex (18 weeks old) exhibit reduced bone formation indices, decreased osteoblasts and increased osteoclasts, and altered material properties, without detectable changes in bone mineral density (BMD) or content of either trabecular or cortical bone. In addition, Stat3cKO mice of either sex show significantly decreased load-induced bone formation. Furthermore, pharmacologic inhibition of Stat3 in osteocytes in vitro with WP1066 blocked the increase in cytosolic calcium induced by ATP, a mediator of the cellular responses to sheer stress. WP1066 also increased reactive oxygen species (ROS) production in cultured MLO-Y4 osteocytes. These data demonstrate that Stat3 is a critical mediator of mechanical signals received by osteocytes and suggest that osteocytic Stat3 is a potential therapeutic target to stimulate bone anabolism.
Introduction
Signal transducer and activator of transcription 3 (Stat3) is a globally expressed transcription factor located in the cytoplasm that can be activated by cytokines, including members of the IL-6 family (IL-6, IL-11, oncostatin M, leukemia inhibitory factor, cardiotrophin 1, and neurotrophin1/B-cell stimulatory factor 3) (Heinrich et al., 1998; Senaldi et al., 1999; Aaronson and Horvath, 2002; Levy and Lee, 2002; Levy and Loomis, 2007) . Mutations in the STAT3 gene cause a rare immunodeficiency disease called Job's Syndrome, also known as Hyperimmunoglobulin E syndrome (Holland et al., 2007; Minegishi et al., 2007) . Affected patients have elevated levels of IgE in their serum and have craniofacial abnormalities. (Freeman and Holland, 2008) These patients also present other skeletal abnormalities, such as reduced bone mineral density (BMD) and recurrent fractures (Sowerwine et al., 2014) . Recent studies including our own suggest that Stat3 affects mitochondrial activity and Stat3 deficiency leads to increased levels of ROS in osteoblasts (Gough et al., 2009; Wegrzyn et al., 2009; Boengler et al., 2010; Sarafian et al., 2010; Zhou et al., 2011) . In earlier studies, we generated conditional Stat3 knockout (KO) mice in which Stat3 was deleted in both osteoblasts and osteocytes (with type I collagen promoter driven Cre deletor) and found that they exhibited lower BMD and reduced bone strength (Zhou et al., 2011) . However, because Stat3 was deleted from both osteoblasts and osteocytes, it was not possible to differentiate the role of Stat3 in each cell type.
Osteocytes are found embedded in bone and make up a complex network of dendritic processes, and therefore are considered to be the most important mechanosensing cells in bone (Rubin, 1984; https://doi.org/10.1016/j.bonr.2019.100218 Received 9 July 2019; Accepted 26 July 2019 July et al., 1994 Robling et al., 2002) . Stat3 is known to be one of the early response genes up-regulated upon mechanical loading (Mantila Roosa et al., 2011 ). In the current study, we generated mice in which Stat3 was deleted from osteocytes by using mice in which the Cre deletor was under the control of the dentin matrix protein 1 (Dmp1-8kb-Cre) promoter, which targets genes primarily to osteocytes in bone . Using these osteocytic Stat3 KO mice, we investigated its role in these cells and particularly in mechanotransduction. We further examined the role of Stat3 signaling in the osteocytic cell line MLO-Y4. We found that bone apposition in response to mechanical loading is defective in Stat3cKO mice and that a pharmacologic Stat3 inhibitor increases ROS in MLO-Y4 cells and inhibits an increase of the intracellular calcium concentration induced by external ATP, a recognized mediator released by mechanical stimulation. We conclude that Stat3 is an essential component of the machinery activated by mechanical forces in osteocytes.
Materials and methods

Experimental animals
All procedures in this study were in accordance with the Indiana University Purdue University Indianapolis (IUPUI) School of Science Animal Care and Use Committee Guidelines. The transgenic mice expressing Cre in osteocytes (Dmp1-Cre) under the control of the dentin matrix protein 1 promoter (8 kb) were generated and characterized, as previously described ) amplified both 520 bp and 480 bp bands (Welte et al., 2003) . The PCR for Stat3cKO mice amplified a floxed Stat3 band of 520 bp and a 615 bp Cre band, whereas, for the littermate control mice, PCR amplified a 490 bp Stat3 band and a 615 bp Cre band.
In vivo ulna loading
Dynamic axial ulna loading was performed on 16-week-old, Stat3cKO mice and their littermate controls under general anesthesia using 3-5% isoflurane (Sigma-Aldrich, St. Louis, MO, USA) (Zhou et al., 2011) . The right ulnae were loaded for 120 cycles/day at a frequency of 2 Hz with a peak force of 2.5 N for female mice and 2.8 N for male mice. This same loading procedure was performed for 3 consecutive days using an electromagnetic actuator (TA ElectroForce 3200 series, Castle, DE). The loading forces were selected based on a pilot load-strain calibration using 3 randomly selected mice from each gender and genotype. The peak force of 2.5 N in females and 2.8 N in males produced about~2800 and~2900 microstrain at the midshaft of ulnas in control and conditional Stat3 KO mice, respectively. Mechanical strains experienced during loading were determined using a strain gauge on the medial surface of the ulnae as described previously by our lab (Li et al., 2005; Zhou et al., 2011) . The left ulnae served as non-loaded internal controls. All mice were allowed normal cage activity between and after each loading session, and were given food and water ad libitum. An intraperitoneal injection of calcein (green fluorochrome label, 30 mg/ kg body weight, Sigma-Aldrich) was administered on day 5 after the first loading session. Then, another fluorescent dye, alizarin (red fluorochrome label, 50 mg/kg body weight, Sigma-Aldrich), was administered on the 11th day after the first loading session, making the inter-label time 6 days. The mice were euthanized 14 days after loading and a series of bone specimens were collected (ulnae, radii, femurs, tibiae, and the vertebrae) for further analysis, including histomorphometry.
Histomorphometry
Histomorphometry was performed on both the 18-week-old Stat3cKO mice and their littermate controls. The bone specimens were fixed in 10% neutral buffered formalin for 24 h, then dehydrated through a series of graded alcohols, cleared in xylene, and then embedded in liquid methyl methacrylate. Using a diamond-embedded wire saw (Histo-saw; Delaware Diamond Knives, Wilmington, DE), transverse thick sections (70 μm) were cut at the ulnar midshafts, ground to a final thickness of 20 μm, and mounted on microscope slides. Three sections per limb were used for bone histomorphometry with a Nikon Optiphot fluorescence microscope (Nikon, Inc., Garden City, NJ) using a Bioquant digitizing system (R&M Biometrics, Nashville, TN). The following primary data were collected from the periosteal surface at 250× magnification: total perimeter (B.Pm); single label perimeter (sL.Pm); double label perimeter (dL.Pm); and double label area (dL.Ar). From these primary data, the following quantities were derived: mineralizing surface (MS/BS = [1/2sL.Pm + dL.Pm] / B.Pm × 100; %); mineral apposition rate (MAR = dL.Ar/dL.Pm/6 days; μm/day); and bone formation rate (BFR/BS = MAR × MS/BS × 3.65; μm From the distal femurs and lumbar vertebral bodies (L4), 5-μm-thick frontal sections were cut using a microtome (Leica, Germany). For each set of the bone sections from femurs and vertebrae, two unstained sections were mounted on microscope slides, while other sections were stained with tartrate-resistant acid phosphatase (TRAP) to identify active osteoclasts. The following primary data were collected from the metaphyseal area, 0.5 mm distal to the growth plate and 0.5 mm away from the intracortical surface, at 250× magnification: tissue area (T.Ar), trabecular bone area (tB.Ar), trabecular bone perimeter (tB.Pm), single label perimeter (sL.Pm), double label perimeter (dL.Pm), double label area (dL.Ar), osteoclast surface (Oc.S), and osteoclast number (Oc.N). From these primary data, the following quantities were derived: bone volume (BV/TV = tB.Ar/T.Ar × 100; %), mineralizing surface (MS/BS = [1/2sL.Pm + dL.Pm]/B.Pm × 100; %), mineral apposition rate (MAR = dL.Ar/dL.Pm/6 days; μm/day), bone formation rate (BFR/ BS = MAR × MS/BS × 3.65; μm 
Micro-computed tomography (μCT)
The μCT was performed on the left femurs from 18-week-old WT and osteocyte-specific Stat3 KO mice. Femurs were brought to room temperature and scanned using μCT (SkyScan 1172, Bruker-microCT, Kontich, Belgium) using the scanning parameters as follows: Voltage: 60 kV, Resolution: 6 μm, Binning mode: 2 K, Filter: Al 0.5 mm, Rotation step: 0.7°, and Averaging frame: 2. Once scanned, the raw images were reconstructed using SkyScan NRecon software (Bruker-microCT, Kontich, Belgium). Analysis of the μCT 3-D data was then performed using SkyScan CT-Analyser (CTAn) (Bruker-microCT, Kontich, Belgium). A thickness of 1 mm of trabecular bone 0.5 mm proximal to the distal growth plate was used to analyze the trabecular bone while cortical bone analysis was conducted at the midshaft.
Peripheral dual-energy X-ray absorptionmetry (pixiMUS)
Bone mineral content (BMC, g) and bone mineral density (BMD, g/ mm 2 ) of the left femurs were evaluated using peripheral dual-energy Xray absorptiometry (pDXA; PIXIMus II; GE-Lunar Co.).
Biomechanical testing
Three-point bending was performed on the same left femurs after μCT. Femurs were slowly brought to room temperature and remained fully hydrated throughout testing. A span was set based on the shortest femur at 6.84 mm, with the top point at the midpoint (3.42 mm). Each femur was loaded into a 500 lb. actuator with a 25 lb. load cell (TestResources Inc., Shakopee, MN 55379, USA), anterior side upward and the distal end to the right. The loading was performed at a rate of 0.03 mm/s until failure. Force-displacement data were collected at a frequency of 25 Hz and used to generate a force-displacement curve where structural strength, stiffness, deformation, and work were calculated using a custom Matlab script. (Robinson et al., 2006; Berman et al., 2016; Hammond et al., 2016) The μCT data at the fracture site were then used to calculate estimated material properties, including stress, strain, Young's modulus, and total toughness using beam bending theory.
Calcium imaging
Calcium imaging, adopted from our previous methods using neurons in culture (Pellman et al., 2015) (Grynkiewicz et al., 1985) , assuming K d for Fura-2 is 0.224 μM. Since Ca 2+ binding and spectroscopic properties of fluorescent dyes can differ significantly in the intracellular milieu, the cytosolic Ca 2+ concentrations presented in this paper should be deemed estimates as stated previously by other investigators (Dietz et al., 2007; Stanika et al., 2009 ).
ROS production
The rate of ROS production in MLO-Y4 osteocyte-like cells was evaluated by measuring fluorescence of dihydroethidium (DHE) (Vergun et al., 2001 ) employing the same setup used for calcium imaging. DHE (5 μM) was present in the bath solution during the experiment with osteocytes. DHE was excited at 545 nm, and emission was recorded at 620 nm.
Statistical analysis
The data are expressed as mean ± SEM (standard error of the mean). Data of the in vivo experiments were analyzed by a two-way ANOVA to test for differences among the Stat3cKO and WT groups comparing males and females. None of the parameters measured showed a statistically significant interaction; therefore, interaction p values are not reported. The data of the in vitro experiments were analyzed by t-test. Statistical significance was assumed for p < 0.05.
Results
To assess the successful elimination of Stat3 from osteocytes, immunohistochemistry was performed to probe for the presence of Stat3 proteins. Stat3 proteins were found in the osteocytes of the wild type mice, but not in the osteocytes of the conditional Stat3 KO mice (Figs. 1:
Stat3cKO mice, either male or female, exhibited growth rates undistinguishable from WT littermate controls and no differences in body weight, BMC, or BMD were observed. Data corresponding to 18 weeks of age are shown in Supplemental Table S1 . In addition, trabecular bone volume showed no significant difference at the distal femur (Figs. 1: A2 & B2 and 2). However, the osteoid surface of trabecular bone (OS/BS) was significantly decreased in the Stat3cKO compared to WT littermate controls (Fig. 2) . Male Stat3cKO mice were 46.2% lower than the male controls (p < 0.05), and in females the osteoid surface of the Stat3cKO mice was 75.8% lower than the female controls (p < 0.01) (Fig. 2) . Compared to WT control mice, in females, the mineralizing surface (MS/BS) of the Stat3cKO mice was reduced by 30% (p < 0.05), and in males, the MS/BS of the Stat3cKO mice was 35.3% (p < 0.01) lower (Fig. 2) . In the females, the mineral appositional rate (MAR) of the Stat3cKO mice was 41% (p < 0.01) lower, and in the males, the MAR of the Stat3cKO mice was 35.6% (p < 0.01) lower (Fig. 2) . Finally, the bone formation rate (BFR/BS) of the Stat3cKO mice was 58.1% (p < 0.01) and 57.8% (p < 0.01) lower in the females and the males, respectively (Fig. 2) . Decrease in bone formation related parameters were also observed at the midshafts of femurs (Supplemental Fig. S1 ). Overall, Stat3 deficiency in osteocytes does not affect bone mineral accrual, but suppresses bone formation in adult mice.
TRAP staining was performed to assess the number of osteoclasts present and measure the amount of osteoclast surface. The osteoclast number (N.Oc/B.Pm) in the conditional Stat3 KO mice was significantly greater than that of the WT mice (Fig. 3) . Compared to their WT controls, in females, N.Oc/B.Pm of the Stat3cKO mice were 104% greater (p < 0.01), and in males, N.Oc/B.Pm of Stat3cKO mice were 146% greater (p < 0.01) (Fig. 3) . The osteoclast surface (Oc.S/BS) of the conditional Stat3 KO mice was also significantly greater than that of their WT littermate controls. Compared to WT controls, in females, Oc.S/BS of the Stat3cKO mice was 110% greater (p < 0.01), and in males, Oc.S/BS of Stat3cKO mice was 177% greater (p < 0.01) (Fig. 3) . Overall, these results indicate an increased osteoclast number in the conditional Stat3 KO mice.
Mechanical testing of the femur in three-point bending revealed no difference in structural mechanical properties of femurs between the Stat3 cKO and WT littermate controls (Fig. 4) . Further analysis based on diaphyseal geometry (Table 1 ) revealed significant differences in estimated bone material properties between the Stat3 cKO and WT control mice. Compared to WT control mice, the ultimate stress of the Stat3 cKO mice was 19.6% (p < 0.01) lower in males, the ultimate stress of the Stat3 cKO mice was 18.8% (p < 0.001) lower in females (Fig. 4) .
The same trends were noted for Young's modulus which was 32.3% (p < 0.05) lower in male Stat3 cKO mice, and 16.6% (p < 0.01) lower in female Stat3 cKO mice compared to sex-matched WT mice (Fig. 4) .
Moreover, ulnar loading mice revealed that load-induced bone formation was suppressed in both the male and female osteocyte-specific Stat3 KO mice as quantified by dynamic histomorphometry. Thus, compared to their WT littermate controls, the relative mineralizing surface (rMS/BS), the relative mineral appositional rate (rMAR), and the relative bone formation rate (rBFR/BS) in response to axial ulna loading were all significantly lower in the Stat3 cKO mice. rMS/BS was significantly lower in Stat3 cKO mice (−49% in male, p < 0.001 and -56% in female, p < 0.001) than their WT littermate controls (Fig. 5) . rMAR was significantly lower in the Stat3 cKO mice (−66% in male, p < 0.001 and -69% in female, p < 0.001) than their WT littermate controls (Fig. 5) . rBFR/BS was significantly lower in Stat3 cKO mice (−76% in male, p < 0.001 and -77% in female, p < 0.001) than their WT littermate controls (Fig. 5) .
In order to examine the role of Stat3 in mechanotransduction at the cellular level, we applied fluid shear stress on cultured MLO-Y4 osteocyte-like cells. The shear stress imposed over bone cells caused transient increases in [Ca 2+ ] c (Supplemental Fig. S2 ). Fig. 6A shows a representative bright field image of osteocytes in culture. Fig. 6B shows a pseudocolored image of cultured osteocytes loaded with Fura-2AM and subjected to shear stress, whereas Fig. 6C ] c in both osteocytes and osteoblasts. Interestingly, 10 μM ATP significantly increases Ca 2+ transients in osteocytes, but fails to do so in osteoblasts, suggesting osteocytes are more sensitive to ATP treatment than osteoblasts. The repeated exposures to 10 μM ATP produced uniform Ca 2+ transients in osteocytes (Fig. 6C) . When mitochondria were depolarized by FCCP (10 μM), a protonophore that uncouples oxidative phosphorylation, (Luvisetto et al., 1987 ) ATP-induced Ca spikes were gradually suppressed despite that the first spike remained unaffected (Fig. 6D) , the subsequent responses to ATP significantly subsided and finally disappeared (Fig. 6E) . The similar effect was produced by thapsigargin (Fig. 6F) , an inhibitor of Fig. 1 The repeated exposures to 10 μM ATP produced uniform Ca 2+ transients in osteocytes (Fig. 7A) . However, Ca 2+ transients in osteocytes triggered by ATP are inhibited by WP1066, an inhibitor of Stat3 (Iwamaru et al., 2007) (Fig. 7B) . Further, in comparison to the vehicle control (Fig. 7C ), WP1066 significantly stimulated ROS production in osteocytes (Fig. 7D) .
Discussion
This study shows that Stat3 KO specific for osteocytes does not affect bone mineral accrual. However, in adult mice, Stat3 deficiency in osteocytes slows down bone formation rate and decreases bone material At the tissue level, we observed significantly decreased osteoid surface in the 18-week-old KO mice. Though the content of the bones was normal, lack of Stat3 in the osteocytes might be affecting the bone's ability to initiate new bone formation via the transduction of mechanical signals. These data suggest Stat3 deficiency did not affect bone accrual during skeletal development because Stat3 in osteoblasts was intact. Once the mice reach adult ages, the role of osteocytes in bone homeostasis becomes dominant. These deficits in new bone formation were observed in both the midshaft femoral periosteum and the trabecular bone of the distal femurs. A closer look at the osteoclast activity via TRAP staining showed that osteoclast number, osteoclast surface, and the amount of eroded bone surface of the KO mice was significantly greater. Moreover, there was significantly larger bone marrow area and an increase in periosteal perimeter of the femoral midshaft in the osteocyte-specific Stat3 KO mice. These data suggest that the bone modeling process was pushed towards creating more outward growth in the Stat3 cKO mice. The increase in bone resorption on the endosteal surface by osteoclastic activity resulted in an increase in bone marrow area for the Stat3 cKO mice. The coordinated action of osteoclasts on the endosteal surface and the osteoblastic activity on the periosteal surface led to a greater midshaft femoral perimeter in the Stat3 cKO mice.
Analysis of the bone mechanical properties of the Stat3 cKO mice showed significant deficiencies. Deletion of Stat3 in osteocytes decreased the bone material properties. However, the structural properties of the KO mice were normal. These data suggest that the larger bone size compensates for and normalizes the structural mechanical properties of the bone. How Stat3 in osteocytes affects bone material properties remains to be investigated.
Mechanical loading stimulates osteoblasts and osteocytes to produce IL-6 and IL-11 (Kido, Kuriwaka-Kido et al., 2009 , Sanchez et al., 2009 , Bakker et al., 2014 , which in turn act on osteocytes to activate Stat3 via IL-6 receptors. These data indicate that IL-6 cytokines and its receptors mediate Stat3 activation in response to mechanical loading, suggesting a critical role of Stat3 in mechanotransduction. In this study, the ulna loading study revealed significantly reduced load-induced bone formation in the conditional Stat3 KO mice compared to the WT mice. Stat3 is a critical signal transducer and seems to play a pivotal role in the signaling that takes place after mechanical loading. Inactivation of Stat3 in the osteocytes of mice strongly reduces this mechanical signal transduction, leading to a decrease in load-induced bone formation. An increase in the level of ROS in Stat3 deficient osteocytes may suppress osteocyte sensitivity to loading. ROS is a known inhibitor of bone formation, which works by antagonizing normal Wnt signaling (Almeida et al., 2007) . The involvement of Stat3 as a regulator of ROS in osteocytes is a potentially novel mechanism that requires further research.
Another mechanism by which Stat3 affects mechanosensitivity of osteocytes is related to ATP-induced increases in [Ca 2+ ] c in osteocytes is 10-fold lower than the one needed in osteoblasts. These data suggest that osteocytes are more sensitive to extracellular ATP than osteoblasts, consistent with the concept that osteocytes are more sensitive to mechanical stress than osteoblasts. The initial augmentation of Ca spike in the presence of thapsigargin most likely was due to inability of ER Ca-ATPase to remove Ca from the cytosol. An inhibition of Ca responses to subsequent ATP treatments in the presence of thapsigargin was due to a failure of ER Ca-ATPase to replenish Ca storage in ER. The suppression of Ca spikes by FCCP was due to inhibition of oxidative phosphorylation and decrease in ATP, which is necessary for ER Ca-ATPase activity. Finally, the suppression of Ca spikes in Ca free medium suggests that ER Ca storage is replenished via Ca entry from the external medium through store-operated, capacitative Ca entry that may involve certain plasma membrane channels. Overall, these data indicate that ATP triggers Ca release from ER and ER refilling with Ca occur due to capacitive Ca entry into osteocytes from the extracellular matrix. Purinergic receptors bind to extracellular ATP. Purinergic receptors such as P2X and P2Y have recently been identified in osteocytes, through which extracellular ATP increases [Ca 2+ ] c (Kringelbach et al., 2015; Zhang et al., 2018) . We have previously reported that in mice knockout of P2X7, one of the P2X receptors, associates with a reduced anabolic response to mechanical loading in vivo (Li et al., 2005 It is also possible that WP1066 directly or indirectly affects mitochondria and inhibits ATP production, which is necessary for Ca 2+ -ATPase activity. However, these hypotheses still have to be tested. The interaction between Stat3 and Wnt signaling pathway may be involved in load induced bone formation. Previous studies have demonstrated that loading increases Wnt target gene expression (Hens et al., 2005; Robinson et al., 2006; Tu et al., 2012) . Other studies have shown that SOST/Sclerostin downregulation is required for the increase of bone formation induced by ulnar loading (Robling et al., 2008; Tu et al., 2012 (Klaus and Birchmeier, 2008; Li, 2013; Galoczova et al., 2018) . One study reports that Wnt3a-mediated activation of Stat3 increases the viability of cells exposed to oxidative stress (Fragoso et al., 2012) . Our unpublished data shows SOST mRNA is upregulated in Stat3 deficient cells. These data suggest potential cross-talk between Wnt/β-catenin pathway and Stat3 signaling in bone cells, but additional research is needed to elucidate this interaction.
In conclusion, our study has demonstrated that Stat3 signaling in osteocytes is not involved in skeletal development. However, loss-offunction of Stat3 in osteocytes decreases the osteogenic response following mechanical loading. Stat3 deficiency in osteocytes inhibits bone formation and increases bone resorption in adult mice, which leads to a reduction in materials mechanical properties of bone in adult mice. With the knowledge of how Stat3 is involved in the signal transduction through osteocytes and calling other cells into action, novel therapeutic targets for the prevention of osteoporosis can be discovered and, subsequently, new treatments can be developed. 
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